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Abstract: A polarization beam splitter (PBS) based on a four-layer slab waveguide is 
proposed, where a sub-wavelength grating is embedded between the waveguide core and 
cladding. This grating not only affords Bragg momentum to tune the propagation constant of 
guiding modes, but also converts the forward zero order waveguide mode to the backward 
first one for a specific polarization. Thus, the incident light with polarization that satisfies the 
phase-matching condition is highly reflected in the waveguide, while other light with 
orthogonal polarization keeps intact and passes through it efficiently. Numerical simulations 
show that one can make the compact PBS for both polarizations with extinction ratio higher 
than 35 dB, waveband larger than 80 nm, grating period tolerance of 20 nm, and waveguide 
height tolerance of 80 nm. The revealed mode conversion mechanism via the sub-wavelength 
grating enriches the design of PBSs for integrated silicon waveguide chips.  
© 2018 Optical Society of America  
1. Introduction 
Polarization beam splitters (PBSs) in the silicon-on-insulator platform are essential 
polarization-handling devices in increasingly attractive areas such as integrated photonic 
quantum circuits [1, 2] and coherent optical communications [3-5]. These devices are desired 
to have small dimension and large fabrication tolerance. Up to now, PBSs based on different 
configurations have been proposed, such as directional couplers (DCs) [6-9], Mach–Zehnder 
interference (MZI) couplers [10], multimode interference (MMI) couplers [11, 12], photonic-
crystals (PCs) [13, 14] and grating structures [15, 16]. Among them, DCs and MZIs are more 
popular due to their simple structures and easiness of design. However, they rely on the fine 
resonant evanescent coupling between two very closed waveguides, thus PBSs based on them 
have narrow bandwidths and limited fabrication tolerance. Self-imaging interference based 
MMI PBSs offer excellent tolerance to wavelength variations and fabrication errors, but their 
size is relatively large at the millimeter scale due to the intrinsic weak polarization 
dependence. PCs typed PBSs, which work based on polarization dependent photonic band 
gaps, have high extinction ratio and broadband, while their complex structures are difficult to 
fabricate. Furthermore, PCs typed devices usually introduce a relatively large loss due to the 
scattering.  
In this paper, we propose a novel PBS based on grating mediated mode conversion. It is 
the grating, as a layer in a four-layer slab waveguide (FLSW) [17, 18], that induces the mode 
conversion via the mechanism of grating diffraction to reflect back the TM- or TE-polarized 
light. Numerical simulation shows this compact PBS facilitates broadband, high polarization 
extinction ratio (PER) and large fabrication tolerance. 
2. Device Design and Characteristics 
A schematic of the proposed PBS device is presented in Fig. 1. The Si grating and substrate 
waveguide are surrounded by SiO2 cladding, which is regarded as a FLSW with region 
labeled with I, II, III and IV, assuming a large width along the z axis. The polarized light is 
incident into the Si waveguide core with the height of h1. Under the mode conversion by the 
grating with period of T and height of h2, TM- or TE-polarized light is reflected in other mode 
or transmitted through the device, depending on the device structure parameters.  
Based on the wave equations in the regions and boundary conditions at the interfaces 
between the adjacent regions, the eigen mode equation [19] of FLSWs can be derived:  
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m is the mode order; 2 20i ik k n N  ,where i=1 or 2, 
2 2
0i ip k N n  , where i= 2, 3 or 4, 
0 2 /k    is the wave number of the launched light in free space, N is the mode effective 
index. The refractive indices of the four layers: 
1 3.477Sin n  , 23 4 1.444SiOn n n   , 
2 2
2 2
2 Si Si SiO SiOn f n f n   for TE-polarized light and 2 2
2 21/ / /Si Si SiO SiOf n f n for TM-polarized 
light when the grating period is much smaller than the light wavelength [20], where duty ratio 
/ 0.5Sif t T   and 2 1SiO Sif f   , t is the width of the Si strip in each grating period. Also 
in Eq. (1),  
2 2/ij i jc n n  for TM-polarized light and 1 for TE-polarized light. The wave 
vector along the propagation direction 2 20 0/ iN k k k      , where the signs of “+” and 
“–” correspond to the propagation directions along +x and –x axis, respectively.  
 
 
 
Fig. 1. Schematic of the proposed device acting as a PBS. 
 
 Figure 2(a) shows the dependence of   on the grating height h2. The device structure 
parameters are 1.55 m  ,  1 0.3h m  and 0.5Sif  . The blue lines in Fig. 2(a) correspond 
to the 0th modes for TE- (solid lines) and TM-polarized (dashed lines) light, where the 
electric-magnetic field sinusoidally oscillates in Si waveguide core (Region I) and 
exponentially decays in other regions. The red lines correspond to the 1st modes, where 
electric-magnetic field sinusoidal oscillations in the Si waveguide core and Si grating layer 
(Region I and II) while exponentially decays in other regions.  
The Si grating can induce mode conversion from 
1m
  to 
2m
  by the Bloch’s wave vector 
2 /gk T , following the equation 2 1m m gk   . For grating with pitch T=0.3 μm and 
kg=5.17k0 the line with 0 gk   for TE- and TM-polarized light is shown with solid and 
dashed thin blue lines in Fig. 2(a), respectively. There is a cross point 
1 02.06k    at 
h2=0.155 μm for TE-polarized light and no cross points for TM-polarized light. Thus, the 
grating with T=0.3 μm can change the TE light from the mode 
0 03.11k   to the mode 
1 02.06k   , which is shown by a vertical black arrow in Fig. 2(a). The corresponding 
electric field distribution Ex(y) of the launched light with 0
th mode and the reflected light with 
1st mode are presented in Fig. 2(b) with solid blue and red lines, respectively. Meanwhile, 
TM-polarized light with 0th mode cannot be converted to other modes by this grating. Thus, 
only TE-polarized light can be reflected backward, while TM-polarized light can pass through 
this FLSW. The transmitted spectra and snapshots of field distributions obtained by two-
dimensional finite difference time domain (2D FDTD) simulation for TE- and TM-polarized 
light are presented in Fig. 2(c) and 2(d), respectively The TE transmission is around -40 dB 
for the wavelength from 1.54 μm to 1.62 μm, while TM transmission is 0 dB. The TM field 
distributions show that the TM-polarized light transfers directly to the output-port, rarely 
affected by the grating. While the TE-polarized light is reflected back to the input-port with 
mode field changed from bottom to upper and down positions corresponding to the 1st order 
mode. The simulation results agree with the theory analysis well. 
 
 
Fig. 2. (a) The wave vector along the propagation direction β supported in FLSW for TE (solid 
lines) and TM (dashed lines) mode. The red and blue lines correspond to the 0th and 1st mode, 
respectively. (b) Field distribution Ez(y) (solid lines) and Hz(y) (dashed lines) for the 0
th (blue 
lines) and 1st (red lines) mode. (c) TE (solid line) and TM (dashed line) transmitted spectra. (d) 
Snapshots of field distributions of Ez for TE-polarized light and Hz for TM-polarized light. The 
common structure parameters: waveguide core height h1=0.3 μm, grating height h2=0.155 μm, 
grating pitch T=0.3 μm, grating total length in x axis is 16 μm, wavelength λ=1.55 μm. 
 
Figure 3(a) shows the grating pitch T inducing the mode conversion for different grating 
height h2 and light polarization state. The transmitted TE-to-TM PER changing with T for 
h2=0.155 μm (the dotted line in Fig. 3(a)) is presented in Fig. 3(b), where, the negative PER 
corresponds to the TE-reflected and TM-transmitted PBS and the positive PER corresponds to 
the TM-reflected and TE-transmitted PBS. It shows that the grating with different pitch T can 
produce different type of PBS. For the optical communication C-band wavelength ranges 
from 1.53 μm to 1.56 μm, T should be 0.282 ~ 0.296 μm for reflecting TE-polarized light and 
transmitting TM-polarized light with the absolute value of PER larger than 30 dB as shown 
with the dark blue strip in Fig. 3(b), where TE mode is converted from 0th to 1st; T should be 
0.338 ~ 0.346 μm for reflecting TM-polarized light and transmitting TE-polarized light with 
PER larger than 18 dB as shown with the dark red strip in Fig. 3(b), where TM mode is 
converted from 0th to 1st. These optimized periods are around the analysis results shown in 
Fig. 3(a). The slight difference mainly comes from the estimate of refractive index of the 
grating layer. In theory, the TE 0th mode can be coupled to the 0th mode with the opposite 
propagation direction by the grating with T=0.25 μm, as shown with the solid blue line in Fig. 
3(a). However, the field distribution for the 0th mode is mainly in the Si waveguide core 
(Region I) instead of the grating layer (Region II), as shown with the blue lines in Fig. 2(b), 
thus the grating’s influence to the mode conversion from 0th to 0th is relatively weak and the 
corresponding absolute value of PER is low, especially for TM-polarized light. We almost 
cannot see the case of TM mode conversion from 0th to 0th in Fig. 3(b). For the TE case, the 
absolute value of PER is only around 13 dB in the entire C–band wavelength range as shown 
with the light blue strip in Fig. 3(b).  
 
 
Fig. 3. (a) Grating pitch T to converse the 0th mode to reflected 0th or 1st mode for TE (solid 
lines) and TM (dashed lines) light, respectively. (b) The transmitted TE-to-TM PER for 
different wavelength and grating pitch T. The two white vertical lines show the C-band 
wavelength range. The common structure parameters are same as that in Figure 2. 
 
The device length is a key parameter for PBS, which stands for the compactness of 
device. The transmission changing with the grating length along the x axis is shown in Fig. 
4(a). The longer the grating is, the larger absolute value of PER is. For the wavelength of 1.55 
μm, the PER is -32 dB in the case of grating longer than 10 μm and it exceeds -40 dB when 
grating is longer than 13 μm.  
The transmission changing with the device width in the z axis by three-dimensional 
simulation is shown in Fig. 4(b). With the increase of the width, the spectra tend to be stable 
gradually and converge. For the same grating length, the transmittance for the device width of 
21 μm (red line in Fig. 4(b)) is almost same with the results by 2D simulation (red line in Fig. 
4(a)). Hence, it is reasonable to investigate the characteristics of the device by 2D simulation 
for the device width larger than 21 μm. It can considerably save computer resource, while 
maintaining the validity of the simulation results.    
 
 
Fig. 4. TM (solid line) and TE (dashed line) transmitted spectra for (a) different grating length 
by 2D FDTD simulation and (b) different device width in z axis by 3D FDTD simulation. The 
common structure parameters: waveguide core height h1=0.3μm, grating height h2=0.155μm 
and grating period T=0.3 μm. The grating length is 10 μm in (b) for saving the computer 
resource. 
 
3. Effect of Waveguide Parameters 
The effects of the waveguide parameters including the core height h1, grating height h2, 
grating pitch T, duty ratio fSi and refractive index ngrating are investigated. Figure 5(a) shows 
that h1 and h2 have tolerance lower than 0.08 μm. For example, for h1=0.20 μm, h2 could be 
chose in the range of 0.22~0.30 μm for TE-reflected PBS in entire optical communication C–
band wavelength range with TM-to-TE PER larger than 30 dB. When h1=0.35 μm, h2 could 
be chose in the range of 0.26~0.37 μm for TM-reflected PBS in C-band with TE-to-TM PER 
larger than 30 dB. These results show that the optimized h1 and h2 in TM-reflected PBS are 
both larger than the TE-reflected PBS case, which is due to the less effective index in TM 
mode, as shown in Fig. 2(a). Figures 5 and 3(b) also shows that one can find a combination of 
h1, h2, T and fSi to satisfy the momentum-matching condition to realize TE-reflected or TM-
reflected PBS for the expected wavelength with good fabrication tolerance. Generally, to get 
PER larger than 30 dB for λ=1.55 μm, TE-reflected PBS can be produced with structure 
parameters in the range of h1=0.2~0.3 μm, h2=0.10~0.32 μm; TM-reflected PBS can be 
produced with h1=0.3~0.35 μm, h2=0.28~0.40 μm, under the condition of grating longer than 
16 μm and device width larger than 21 μm, where T=0.3 μm with tolerance of 0.02 μm as 
shown in Fig. 3(b) and fSi=0.3~0.5 as shown in Fig. 5(b). 
The grating could be other materials with different ngrating, whose effect on the operating 
spectra of the PBS is shown in Fig. 5(c). With the increase of ngrating from 2.5 to 4, the 
bandwidth of TE-reflected PBS with TE-to-TM PER larger than 10 dB increases from 20 to 
140 nm. However the central wavelength also changes from 1.51 to 1.63 μm. The effect of 
ngrating on the bandwidth of TE-reflected PBS is stronger than TM-reflected PBS case.  
  
 
Fig. 5. Transmitted TE-to-TM PER for different waveguide height h1 and grating height h2 
(a),  grating duty ratio fSi (b) and grating refractive index ngrating (c). The two white vertical 
lines show the C-band. The common structure parameters are same as that in Figure 2. 
 
4. Conclusions 
A waveguide PBS based on mode conversion in a FLSW is proposed. The grating inserted 
between the waveguide core and cladding affords the Bragg momentum to tune the 
propagation constant of the guiding mode and make one polarized light reflected with 
changed order of the waveguide mode. While the other orthogonal polarized light is 
transmitted efficiently. One can engineer the layered structure with appropriate Si waveguide 
core height h1, Si grating height h2 and period T to satisfy the momentum-matching condition 
to realize TE-reflected or TM-reflected PBS for the expected wavelength. Simulation 
indicates that the grating longer than 16 μm and the device wider than 21 μm are needed to 
make PER over 40 dB. The tolerances of T, h1 and h2 are relaxed to 20, 80 and 80 nm, 
respectively. The bandwidth is around 80 nm. The proposed structure has a broad prospect in 
polarization maintenance required by optical interconnection. The revealed mechanism of 
grating mediated mode conversion enriches the design of waveguide integrated PBS for 
silicon optical chips. 
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